The sheer quantity of collagen present in all vertebrates makes collagen remodeling vital for physiological and pathological processes [1] [2] [3] . Several independent lines of collagenases have evolved to carry out the highly complex task of collagen hydrolysis, among them members of the mammalian matrix metalloproteases (MMPs) and bacterial collagenases. Notably, the most efficient collagenases are those found in clostridial bacteria that enable them to colonize and infiltrate the host tissue 4, 5 .
The sheer quantity of collagen present in all vertebrates makes collagen remodeling vital for physiological and pathological processes [1] [2] [3] . Several independent lines of collagenases have evolved to carry out the highly complex task of collagen hydrolysis, among them members of the mammalian matrix metalloproteases (MMPs) and bacterial collagenases. Notably, the most efficient collagenases are those found in clostridial bacteria that enable them to colonize and infiltrate the host tissue 4, 5 .
Although considerable insight has been obtained into the structure and mechanism of endogenous collagenases belonging to the MMP family [6] [7] [8] [9] [10] [11] [12] [13] [14] , exogenous bacterial collagenases so far have resisted a crystallographic analysis, partly owing to the complexity of these multi-domain proteins. Therefore, much of the mechanistic basis for their enzymatic properties has remained elusive despite their many potential uses in medicine and biotechnology [15] [16] [17] . Here we present the crystal structure and enzymatic analysis of a clostridial collagenase, resulting in a unified two-step model in which recognized collagen microfibrils are mechanically unraveled and subsequently hydrolyzed.
RESULTS

Unexpected domain architecture of ColG
Clostridial and other bacterial collagenases have an approximate size of 120 kDa. On the basis of naturally occurring isoforms and bioinformatic analysis, their domain organization (Fig. 1a) is expected to be composed of a pre-domain of variable length containing the export signal, which is clipped in the mature protein; an N-terminal domain harboring the catalytic zinc (Tyr119 to Gly790; numbering corresponds to collagenase G (ColG) from C. histolyticum); a variable number of polycystic kidney disease-like (PKD-like) domains (Ala791-Asn880); and one or more collagen-binding domains (CBDs; Glu881-Gly1001, Leu1002-Lys1118) 18 . Previously, structural information was available only for the CBD of C. histolyticum ColG 19 .
To our surprise, our ColG crystal structure revealed a distinct segmentation of the N-terminal collagenase module (Tyr119-Gly790), forming a saddle-shaped two-domain architecture ( Fig. 1b and Table 1 ). The smaller N-terminal saddle flap serves as an activator domain (Tyr119-Asp388), as discussed below, and comprises an array of 12 parallel α-helices. This N-terminal flap starts with a distorted helix pair (Tyr119-Lys161) and continues with ten tandemly repeated HEAT motifs, ideally suited to generate a protein-recognition interface 20 . A solvent-exposed glycine-rich linker is positioned at the twist of the saddle seat (Gly389-Tyr397; Fig. 1b) .
The peptidase domain resembles a thermolysin-like fold
The subsequent catalytic subdomain (Asp398-Gln669) adopts a thermolysin-like peptidase (TLP) fold of mixed α and β type, most closely resembling the structures of leukotriene A4 hydrolase and F3 protease 21, 22 , and is accompanied by a catalytic helper subdomain. The flanking α-helix pairs of the activator domain and the catalytic subdomain combine to form a distorted four-helix bundle constituting the 'seat' of the saddle topology, which is completed by the glycine-rich linker. These structural elements latch the relative spatial arrangement of the peptidase domain and the N-terminal activator, which was found to be crucial for collagen binding and triple-helix unraveling (see below).
Topologically equivalent to thermolysin, the five-stranded β-pleated sheet of the catalytic subdomain presents the edge strand mediating the canonical substrate-recognition motif, as described below in more detail. Leu517-Leu534 form the central helix of the TLP fold 23 and contain the Zn 2+ -binding 523-HEXXH-527 motif. The third Zn 2+ -ligand Glu555 resides on the neighboring helix, defining ColG as a gluzincin 24 .
1 1 1 0 VOLUME 18 NUMBER 10 OCTOBER 2011 nature structural & molecular biology a r t i c l e s Another linker segment of eight residues (Gly670-Asp678) connects the catalytic subdomain with a catalytic helper subdomain (Asp679-Asp788). The four-stranded antiparallel β-sheet partly connects to and extends the β-sheet of the catalytic subdomain, whereas the two antiparallel α-helices of the helper subdomain cover the β-sheet to the solvent.
Given the compact quaternary arrangement of the helper and catalytic subdomains, we refer to the combination of both subdomains as the peptidase domain. This interpretation is supported by the fact that the catalytic helper is indispensable for proper folding and full peptidase activity.
Position and hybrid structure of the PKD-like domain
Crystal packing as well as low-resolution contrast electron density analysis enabled us to position the PKD-like domain at the rear of the a r t i c l e s peptidase domain in Figure 1b , with its exact orientation remaining flexible. We further derived high-resolution (1.18 Å) structural information from crystals of the isolated PKD-like domain. The PKD-like domain adopts a two-tiered β-barrel structure. Notably, we found the conserved Trp833 buried inside the β-barrel (Supplementary Fig. 1 ).
At first sight, this orientation appears to conflict with previous reports that Trp833 is crucial in collagen binding and swelling 25 . However, our structure can reconcile this apparent conflict, as the elimination of the indole ring of Trp833 would destabilize and collapse the barrel structure and thus destroy the structural framework necessary for specific collagen binding ( Supplementary Fig. 1 ).
The remaining C-terminal CBDs were not present in our crystal form; fortunately, crystal structure information on the isolated C-terminal CBD has been obtained previously 19 , enabling us to construct a full-length structural model of ColG (Fig. 1c) .
Enzymatic assessment of the collagenase domains
The unexpected domain architecture prompted us to reinvestigate the functional assignment of the individual subdomains. First, the structure analysis suggested that the enzymatic activity should be contained within the peptidase domain (Asp398 to Gly790). Indeed, an activator-deletion construct, containing only the segment Lys396-Lys1118, showed 100% activity against small peptidic substrates as compared to the full-length ColG protease, confirming that this domain represents the peptidase domain of clostridial collagenases (Fig. 2a) . Furthermore, the peptidase domain was completely inactive toward collagen substrates. Full collagenolytic activity is, however, contained in the segment Tyr119-Gly790, comprising the activator and peptidase domains. This segment thus represents the collagenase module of the protein (Figs. 1 and 2) .
Although these biochemical findings are consistent with, and were predicted from, our crystal structures, they are in seeming contrast with both earlier reports on clostridial collagenases 5 and the situation in mammalian collagenases (see Discussion). In the latter case, the analogous CBD, the hemopexin-like domain, is crucial for collagen binding, unwinding of the triple helix and catalytic turnover 26 . The C-terminal accessory domains serve to recruit and partly to swell insoluble collagen without unwinding its triple-helical structure 19, 25 . These Ca 2+ -dependent recruitment domains tend to accelerate the hydrolysis of insoluble collagen substrate at low component concentrations.
Catalytic Zn 2+ site
We found that the catalytic Zn 2+ is tetrahedrally coordinated by the side chains of His523, His527 and Glu555, as well as a water molecule that was further hydrogen-bonded to the general base Glu524 (Fig. 3a) . To our surprise, however, we also crystallized ColG in a zinc-depleted form, suggesting that the zinc binding is atypically weak 27 . The ligating bond distances for the zinc (distances for a complex containing a substrate analog inhibitor are shown in parentheses) are 2.16 (2.08) Å, 2.17 (2.09) Å and 2.03 (2.09) Å to the three proteinacious ligands His523, His527 and Glu555, respectively. These distances tend to be somewhat larger than the analogous distances in thermolysin and related peptidases, where the average ligation lengths are 2.00 ± 0.03 Å (refs. [21] [22] [23] 27) .
The partial zinc occupancy opens an unexpected route for tuning enzyme activity; this regulation mechanism seems particularly appropriate for a protease class lacking a prodomain that would confer zymogen-like latency. In line with these observations, we found that His 6 -tagged protein variants showed reduced activity, which can be explained by partial Zn 2+ extraction 28 . Notably, the Zn 2+ site was fully occupied in the presence of a substrate analog inhibitor, consistent with additional zinc coordination by the inhibitor. This suggests that substrates contribute to the stabilization and correct positioning of the catalytic Zn 2+ . Such an effect is expected to be k cat -dependent, consistent with our observations 28 . Indeed, such substrate-assisted activation has been observed with substrates extending from P3 to P3′ residues, but not for the P1 to P3′ substrate furylacryloyl-Leu+Gly-Pro-Ala (FALGPA), which lacks stabilization by the nonprimed edge strand 29 .
MMPs belong to the metzincin family and contain a strictly conserved methionine residue that serves as a 'hydrophobic basement' to the catalytic zinc. Positioned one helical turn downstream of the catalytic Glu555, Ala558 of ColG is located at a three-dimensional position corresponding to the conserved metzincin methionine, with its Cβ side chain pointing toward the zinc at a distance of ~4.25 Å. Ala558 is conserved within clostridial collagenases; from our structure, it seems unlikely that larger hydrophobic residues can be tolerated at this position.
Peptidic substrate recognition and processing
Comparison of apo, unliganded and complexed active sites shows a more than 3-Å contraction movement of the two TLP half-domains upon Zn 2+ loading and inhibitor binding. The peptidomimetic inhibitor isoamyl-phosphonyl-Gly-Pro-Ala binds to the edge strand in an antiparallel orientation, consistent with TLP-like peptidaseinhibitor recognition. Preceding the edge strand (Leu495-Glu498) of the TLP β-sheet, two glycine residues form the entrance to the canonical antiparallel substrate-recognition strand motif (Fig. 3a) . This Gly493-Gly494 motif forms the S1′ recognition site and thus selects and imprints the conformation of the P1′ residue, which can be adopted only by a glycine at the P1′ position 29, 30 .
The complex structure of ColG with the peptidomimetic inhibitor revealed two additional noteworthy consequences of the unique double-glycine S1′ site in clostridial collagenases. First, the amides of both Gly493 and Gly494 point toward the P1′ carbonyl oxygen and thereby form a secondary S1′ oxyanion pocket (Fig. 3a) . Second, the unusual topology of the strong S1′-P1′ oxyanion interaction dominates, yet misaligns the substrate binding geometry at the Zn 2+ and the nonprimed recognition sites. This will result in an unproductive a r t i c l e s binding of short substrates lacking P2 and P3 residues, and it explains why ColG greatly prefers substrates containing P2 and P3 residues 29, 30 . By virtue of the multivalent interactions with the edge strand Gly493-Glu498, N-terminally extended substrates can be bent, which assists in their hydrolysis. The importance of the secondary oxyanion pocket (Gly493-Gly494) is evidenced by the result of a serendipitous G494V mutation in the closely related collagenase H from C. histolyticum, which completely inactivated the protease 28 .
Although the nonprimed substrate-recognition sites are defined by the backbone interaction with the edge strand (Gly494-Glu498), the wide cleft at the S3 to S1 sites allows for alternative, slightly different binding geometries, depending on the nature of the P3 to P1 substrate residues. In particular, prolines and hydroxyprolines, often found in collagen, cannot adopt an ideal antiparallel β-strand with the edge strand but can still be accommodated (Fig. 3b) .
A loop segment Gln511-Phe515 preceding the central helix forms a prominent wall-like feature at the primed substrate-recognition sites (Fig. 3b) . By its distance to the catalytic zinc, the wall forces a marked kink at the P4′ position of longer substrates, making binding energetically less favorable. The wall thus serves as molecular ruler that explains the observed tripeptidyl-carboxypeptidase activity of clostridial collagenases 29 .
Collagen recognition, unwinding and processing
The crystal structure combined with the observed enzymatic properties of the different ColG variants (Fig. 2) suggests a two-step mechanism in which the N-terminal activator domain cooperates with the peptidase domain in recognition and processing of both collagen triple helices and microfibrils. The activator and peptidase domains, forming the two 'flaps' in the saddle, are separated by a distance of ~40 Å, whereas the diameter of the collagen triple helix is only approximately 15 Å ( ref. 1; Fig. 4a) . Naively, one would therefore expect that the activator domain is neither involved nor required in triplehelix recognition and processing-which is not the case (Fig. 2b) . Consequently, we conclude that the collagenase can adopt two preferred conformational states: in addition to the crystallized open state, there exists a closed state that allows the collagen triple helix to contact both the activator and peptidase domains (Fig. 4b) . The closed state is latched by two major contacts at the bottom of the saddle and by an alternative four-helix bundle arrangement at the saddle seat. Only in this closed state are the activator HEAT repeats able to interact with triple-helical collagen and initiate the unwinding of the triple-helix α-chains, which are processively cleaved 31, 32 . Consistent with these data, we postulate that the activator and peptidase domains remain mostly closed during collagen cleavage but relax to the open ground state once the collagen is degraded, as collagen is the source of the attractive interaction for collagenase closing (Fig. 4c) .
To test this 'chewing' mechanism of collagen degradation, we constructed a variant in which the glycine-rich hinge is removed, ∆(Gly389-Val397). This variant should interfere with the closed Figure 3 Mapping the peptidase active site. (a) Ribbon representation of the active site. Three protein residues (His523, His527 and Glu555, shown in red) and a water molecule (blue sphere) tetrahedrally coordinate the catalytic Zn 2+ (yellow sphere). Glu524 hydrogen-bonds to the water molecule. The nonprimed substrate-recognition sites are formed by the antiparallel edge strand extending from Gly494 to Glu498 (orange). The S1′ oxyanion site is formed by the amides of Gly493-Gly494 (bright orange). (b) Accessible surface representation of the ColG active site containing the inhibitor isoamyl-phosphonyl-Gly-Pro-Ala in stick representation, oriented and colored as in a. The inhibitor is overlaid with the experimental 2F o -F c omit electron density, contoured at 1 σ over the mean (light gray). Substrate recognition is governed at the nonprimed sites by the antiparallel edge strand, by the catalytic Zn 2+ (dark red with yellow sphere) and by the secondary S1′ oxyanion pocket. A prominent wall delimits the S3′ site and explains the tripeptidyl-carboxypeptidase activity of ColG. (Fig. 4b) , and consequently with collagen chewing and digesting. Although fully active toward small peptidic substrates (Fig. 2a) , the ∆(Gly389-Val397) variant had only approximately onethird of the wild-type protein's activity toward collagen substrates (Fig. 2b) , in full agreement with our chew-and-digest mechanism.
Recognition, unwinding and processing of microfibrils One of the most striking findings of the crystal structure analysis is the perfect match of the observed ground-state conformation with the dimensions of collagen microfibrils, having a diameter of approximately 40 Å ( refs. 33,34; Fig. 4d) . Our model provides a simple mechanism, albeit one that is more speculative, for proteolytic processing of collagen microfibrils. Upon transition from the microfibril-loaded open state to the closed state, ColG squeezes the microfibril like a pair of pliers, leaving a single triple helix clamped in the collagenase (Fig. 4e) .
In a manner analogous to the processing of triple helices described above, this triple helix remains surrounded by the activator and peptidase domains until it is completely unwound and cleaved, after which the collagenase relaxes to the open conformation, allowing the remaining portion of the microfibril to enter the collagenase (Fig. 4f) .
DISCUSSION
Collagenases are optimized to cleave glycine-rich substrates
One distinct difference between MMPs and ColG relates to the glycine residue that binds to the S1 and S1′ site, respectively. Consistent with the transition-state theory of enzyme catalysis, the substrate is bound to the active site in a highly distorted conformation (Fig. 3a) . However, the substrate distortion is counteracted by the flexibility of glycine residues, ubiquitous in collagen. In ColG, this challenge is addressed by strong binding of the glycine P1′ carbonyl to the secondary oxyanion pocket. Additionally, the position and orientation of the P1′ amid nitrogen is fixed within the peptide plane by the P1 carbonyl via the classical oxyanion pocket formed by the Zn 2+ . The ColG solution to the flexible-glycine problem may thus allow more efficient substrate distortion as compared to the MMPs because both dihedral angles (ϕ and ψ) are fixed upon substrate binding.
Entropically driven collagenolysis
Unraveling collagen (micro)fibrils and unwinding triple-helical collagen are prerequisites for collagen cleavage, both for mammalian MMPs and for clostridial collagenases. There are two possible ways to store the required mechanical energy: either in the protease or the substrate, or both. Use of the protease option is supported by the crystal structure of the CBD of clostridial ColG. A Ca 2+ -triggered conformational rearrangement in the CBD 19 may release the energy reservoir, which could contribute to the triple-helicase activity of these enzymes. However, our model suggests the substrate as the energy source powering the molecular machinery (Fig. 4) . The required free energy is stored in the substrate itself: triple-helical collagen is hydrated by at least two ordered water layers that are released upon its cleavage 35 . With the accompanying entropy release, the substrate thus assists its own catalytic turnover. Notably, the release of water and entropy is independent of the exact mechanism of the triple-helicase and peptidase activity, and therefore this model of energy storage should hold true for all collagenases, including MMPs.
Transferring mechanistic insights from ColG to MMPs
The question arises whether and to what extent our structural insights into clostridial collagenases (Supplementary Fig. 2a) can be transferred to the mechanism of action in MMPs. In particular, it is tempting to speculate on which MMP domain may take the role of the activator domain in ColG. We suggest two alternative hypothetical models. In the first scenario, the MMP hemopexin domain acts as the activator domain ( Supplementary  Fig. 2b) , reflecting the strict requirement of this domain for collagenase activity 26, 36 .
The second model stems from the observation that MMPs form dimers [37] [38] [39] [40] [41] [42] . In this analogy, the activator and peptidase domains of ColG each correspond to a separate MMP catalytic domain, whereas the MMP hemopexin-like domains correspond to the PKD and CBDs (Supplementary Fig. 2c) . This model explains the requirement of the hemopexin-like domain for collagenase activity in terms of this domain's crucial role in MMP dimerization 38, 43, 44 . The latter model should be testable with chimeric MMP constructs-for example, by replacement of the hemopexin domain of an MMP collagenase with a suitable dimerization motif, such as that of glutathione S-transferase.
Processivity of clostridial collagenases
Clostridial collagenases have traditionally been divided into classes, class I and class II. Whereas the latter group is highly active toward peptidic substrates, class I enzymes such as ColG have a particular preference for degrading collagen substrates in a processive manner 4, 17, 28 . For fibrillar collagen substrates, processivity includes two dimensions, namely (i) the cleavage of all collagen chains at one site of the substrate and (ii) multiple cleavage events along the substrate, a process described as 'inchworming' 45 . The structure suggests how the accessory domains assist both aspects of processivity. When cleaving microfibrillar collagen, the activator and peptidase domains have to open to allow for the remaining microfibril to enter the collagenase active site (Fig. 4d-f) . In this way, the accessory domains avoid an inadvertent shift of the substrate. On triple-helical collagen, but also on microfibrils, the accessory domains help to direct the collagenase module along the substrate. Notably, this directed movement implies polarity, with the accessory domains leading and paving the way for processing (Fig. 1c) . Furthermore, given the tri-carboxypeptidase activity of ColG, we suggest that the collagen processing occurs from the C terminus of the collagen substrate to its N terminus, consistent with the antiparallel substrate recognition by the edge strand (Fig. 2) .
Potential impact
For the first time, to our knowledge, the present structural and functional data provide an integrated mechanistic model of collagen recognition and processing by bacterial collagenases; this model may also prove valuable for mechanistic studies of vertebrate collagenases. Given the use of collagenases in diverse biotechnological processes, including islet transplantation 16, 46 , our results allow for a structure-based strategy to optimize these processes. Possibilities include engineering substrate preferences or designing hyperactive collagenases-for example, by combining key elements responsible for the catalytic properties of class I and class II collagenases. Another important opportunity resulting from this study is in the structurebased design of collagenase inhibitors 47 . This approach is particularly attractive, as it is expected to enable a breakthrough in antibiotics development: rather than attacking the C. histolyticum pathogen directly, clostridial collagenase inhibitors block only the colonization and infiltration of the host by the pathogen, thereby escaping the Darwinian selection pressure encountered in classical antibiotics development.
